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Activation energyAbstract Currently, fossil fuels are used in diesel engines and are essential in industrialized areas.
However, the use of petroleum-based diesel increases environmental pollution. To solve this world-
wide problem, transesteriﬁed vegetable oil grown in set-aside land can serve as a renewable energy
resource. In this study, the kinetic transesteriﬁcation of Thevetia peruviana oil with dimethyl carbon-
ate (DMC) (molar ratio 1:4) was investigated. The experiments were conducted by varying the
kinetic parameters, such as the amount of the prepared CH3OK alkali catalyst, stirring rate, reac-
tion temperature and time, to determine the optimal kinetic conditions. The transesteriﬁcation of T.
peruviana oil to DMC-esters (DMC-TP-BioDs) proceeds by a ﬁrst-order mechanism. The corre-
sponding values of the activation energies and rate constants were determined. The maximum yield
of 97.50% was obtained for the transesteriﬁcation of T. peruviana oil within 90 min at 85 C at an
agitation speed of 200 rpm.
 2016 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Biodiesel has been used as an alternative diesel fuel and is
made from vegetable oil, non-edible oil and waste materials.
Because plants are renewable biomass sources, biodiesel fuel
has become more attractive because of its environmental ben-
eﬁts [1]. Biodiesel is also less toxic for humans and results inlower carbon monoxide and sulfur emissions and a minimum
amount of particle matter [2–5]. The use of non-edible plant
oil sources for biodiesel generation is particularly important
because of the issue of competition between biodiesel feedstock
and food products [6]. However, because of the high consump-
tion of alkali catalysts, formation of soaps, and low yields, bio-
diesel is currently more expensive than petroleum-derived fuel
[7]. Many researchers have investigated the use of non-edible
vegetable oil feedstock from the seeds of plants such as Jat-
ropha curcas [8,9], Pongamia pinnata [10], Sapindus mukorossi
[6], and Madhuca indica [11–15]. The use of non-edible plant
oil sources is an alternative to the use of food oil for biodiesellyzed by
2 B.M. Panchal et al.feedstock. Hence, the non-edible oil from Thevetia peruviana
will be a valuable source for biodiesel production.
T. peruviana (Yellow oleander) is a small tree commonly
used as an ornamental, evergreen plant in many tropical coun-
tries and belongs to the family Apocynaceae [16]. T. peruviana
grows naturally in India, and although it is native to Central
and South America, it is commonly found in the tropics and
sub-tropics. For example, it is available in Nigeria, where it is
mainly grown as an ornamental plant [17]. The fruits are usually
green in color, become black on ripening, and contain one to
four seeds in the kernel [18]. The plant begins ﬂowering one
and a half years after planting and then blooms three times a
year [19]. T. peruviana seed oil is a large-scale mixture of more
than 11 substances, mainly triglycerides (TGs) of four fatty
acids (FAs): (i) palmitic acid, (ii) stearic acid, (iii) oleic acid
and (iv) linoleic acid. The oil from the tropical plant T. peru-
viana is non-edible and is potentially useful for the production
of biodiesel. Moreover, T. peruviana grows in waste land and on
roadsides, providing a relatively attractive biodiesel feedstock.
The fruits are not useful and are thrown away when not needed
for planting. Currently, T. peruviana oil has no applications,
and its naturally produced seeds remain underutilized.
Dimethyl carbonate (DMC) is a nontoxic compound and a
unique and biodegradable molecule with versatile reactivity
that is produced by an environmentally benign process [20].
Most importantly, no glycerol is produced during the transes-
teriﬁcation of oil and DMC for the preparation of biodiesel
[21,22]. Therefore, DMC is very promising as a methanol sub-
stitute for biodiesel production.
A study of the kinetics of transesteriﬁcation will provide
parameters that can be used to predict the extent of the reac-
tion at any time under particular conditions. Several kinetic
studies on the transesteriﬁcation of simple esters have been
reported. However, only a few have focused on the transester-
iﬁcation of non-edible oil esters.
No kinetic study of biodiesel using T. peruviana seed oil with
DMC has been performed. In this work, we report the effects of
molar ratio, prepared CH3OK catalyst, reaction time and reac-
tion temperature on the production of DMC-esters (DMC-TP-
BioDs) and propose a simple mechanism to account for the
kinetics of the transesteriﬁcation reaction. The reaction rate
constants and activation energies were also determined.
2. Materials and methods
2.1. Collection of materials
T. peruviana plant fruits were collected from the Marathwada
Institute of Technology (MIT) campus, Aurangabad (MS),
India. All other chemicals and reagents were of analytical
reagent grade and purchased from Spectrochem Pvt. Ltd.
Mumbai, India. Pure biodiesel standards were obtained from
Sigma Chemical Company (St. Louis, MO). The reagents were
of 99.99% purity and used as purchased without further
puriﬁcation.
2.2. Preparation of powder and extraction of oil from
T. peruviana seeds
The T. peruviana fruits were crushed and the seeds removed.
The collected seeds were dried in an oven at 30 C and groundPlease cite this article in press as: B.M. Panchal et al., Kinetics of the transesterificatio
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dried at 80 C to a constant weight. Then, 200 g of T. peruviana
seed powder was mixed with 1200 mL of n-hexane (1:6w/v) in
a 2000 mL round-bottomed ﬂask at 60 C for 60 min at an agi-
tation speed of 150 rpm. The extract was ﬁltered through
Whatman ﬁlter paper no. 4 in vacuum and rinsed with the
same to complete the transfer. The extracted oil was recovered
after solvent evaporation in a rotary vacuum evaporator. The
obtained oil yields were expressed in terms of the mass percent-
age of the sample and calculated as
Yield of oil ð%Þ¼ ðWeight of oil100Þ=Initial weight of sample
Gas chromatography–mass spectrometry (GC–MS) was
used to identify and quantify the various FAs proﬁles present
in T. peruviana oil.
2.3. CH3OK preparation
The catalytic KOH was dissolved in methanol (CH3OH) by
stirring at room temperature. When the KOH catalyst dis-
solves in CH3OH, it forms an ionic solution in which the
K+ and OH ions are not directly bound to each other. The
active ingredient is the hydroxide ion (OH), and the K+ ions
are never written explicitly. Subsequently, DMC was added to
the KOH and CH3OH solution. Because CH3OK is not sol-
uble in DMC, CH3OK crystallized upon the addition of
DMC to the solution. The ﬁne particles of CH3OK were sus-
pended in the single-phase solution of CH3OH and DMC. Fol-
lowing the addition of DMC, CH3OH was removed by
vacuum distillation at room temperature. The pressure was
carefully controlled to avoid bumping and was slowly reduced
when below 100 mbar. After the CH3OH was removed, the
mixture of DMC and CH3OK was mixed with T. peruviana
seed oil, and kinetic transesteriﬁcation was performed.2.4. Transesterification process
Freshly extracted T. peruviana seed oil was used as a reactant.
In a constant temperature bath, the reaction was performed in
a 250 mL glass batch reactor equipped with a heat exchanger
to condense and return the DMC vapor to the reactor. The
molar ratio of T. peruviana oil to DMC was varied from 1:2
to 1:6. The amount of catalyst was 1.5% w/w based on the
oil weight. The reaction temperature was varied from 75 to
85 C for batch operation under standard conditions, and
the agitation speed maintained at a constant value of
200 rpm. To study the kinetics, the reaction time was varied
from 10 to 100 min. The collected sample was allowed to settle
by gravity for 12 h in a separating funnel, resulting in a clear,
golden liquid biodiesel (DMC-TP-BioDs) on top and light-
brown glycerol carbonate (CG) at the bottom, which was then
drained from the separating funnel. The crude DMC-TP-
BioDs was washed three times with Millipore water to remove
the catalyst and any remaining CG. To ensure high-purity
DMC-TP-BioDs, a rotary evaporator was used to remove
the excess DMC from the DMC-TP-BioDs. The high-purity
DMC-TP-BioDs was dried over anhydrous calcium chloride
before gas chromatography mass spectrometry (GC–MS) anal-
ysis and the determination of the DMC-ester (DME) yield
(%). The DMC-TP-BioDs properties were determined usingn of non-edible Thevetia peruviana seed oil with dimethyl carbonate catalyzed by
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methods.
3. Kinetic model
3.1. Mechanism of reaction
The mole fraction for the transesteriﬁcation reaction was
established. According to the reaction stoichiometry, the reac-
tion occurs as a sequence of three steps: First, the TG decom-
poses to diglyceride (DG) and monoglyceride (MG). Then, CG
and DME are produced [23,24].
TGþ 3ROHCGþ 3DME ð1Þ
TGþROHDGþDME
DGþROHMGþDME
MGþROHCGþDME ð2Þ
The kinetic transesteriﬁcation models are modiﬁed as
follows:
1. The concentration of free FAs (FFA) is important.
2. Of all theoretically possible reactions, only two proceed to
form the products: the alcoholysis of carbonate glyceride
(TG, DG, and MG) and the saponiﬁcation of TG, DG,
MG, and DME.
3. TG, DG, MG and DME reactions proceed at the same rate
and follow the same mechanism.
4. Alcoholysis is catalyzed by OH or RO (alkoxide) ions.
The concentrations of OH and RO ions are much smal-
ler than those of TG and ROH.
Based on the above simpliﬁcations, the following reactions
presented in Eqs. (3)–(5) are possible.
3.2. Formation of alkoxide (RO)
ROHþOH K1
K1r
X þH2O ð3Þ3.3. Alcoholysis
TGþX K2
K2r
DG þDME ð4Þ
DG þROH K3
K3r
DGþ ð5Þ
DGþX K4
K4r
DGþDME ð6Þ
MG þROH K5
K5r
MGþX ð7Þ
MGþX K6
K6r
CG þDME ð8Þ
CG þROH K7
K7r
CGþ CG ð9ÞPlease cite this article in press as: B.M. Panchal et al., Kinetics of the transesterificatio
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DMEþOH!K8 ROHþA ð10Þ
TGþOH!K9 DGþA ð11Þ
DGþOH !K10 MGþA ð12Þ
MGþOH !K11 CGþA ð13Þ
where the corresponding FA soap is ‘A’, and
FAþOH !K12 A ð14Þ
This novel kinetic reaction model system that considers
FFA saponiﬁcation consists of 10 reaction components (TG,
DG, MG, CG, DME, A, OH, FFA and H2O). Using the
above list of reactions, differential equations can be written
using the rate laws, such as the mass action kinetics. Rate laws
use the product of a rate constant and the reactant concentra-
tions to calculate reaction rates. The rate-limiting step approx-
imation is based on the assumption that the forward and
reverse rates of the ﬁrst step are much larger than those of
the second step. We presume that reactions 4, 6, and 8 proceed
faster than the other reactions (15), so that
K2;K2r  K3;K3r
K4;K4r  K5;K5r
K6;K6r  K7;K7r
ðK3;K3r;K5;K5R;K7;K7rÞ > ðK8;K9;K10;K11;K12Þ ð15Þ
On this basis, the stationary state for the following reaction
components is valid:
d½H2O
dt
¼ d½X

dt
¼ d½DG

dt
¼ d½MG

dt
¼ d½G

dt
¼ 0
Komers normalized the corresponding species by the initial
concentrations of alcohols.
TG ¼ ½TG=a DG ¼ ½DG=a MG ¼ ½MG=a
CG ¼ ½CG=a A ¼ ½A=a OH ¼ ½OH=a
H2O ¼ H2O=a ROH ¼ ½ROH=a X ¼ ½X=b
ð16Þ
The resulting system of rate equations for only 10 reaction
components (TG, DG, MG, CG, DME, ROH, OH, A, FFA
and H2O) in the form of differential kinetic equations is as
follows:
dTG=dt ¼ b:OH:ðK02:TG:ROHK02rDG:DMEÞ
þ a:OH:K9:TG
dDG=dt ¼ b:OH:ðK02:TG:ROHþK02rDG:DME
þK04r:MG:DMEÞ þ a:OHðK9:TGþK10:DGÞ
dMG=dt ¼ b:OH:ðK04:DG:ROHþK04rMG:ROH
K05r:CG:DMEÞ þ a:OHðK10:DGþK11:MGn of non-edible Thevetia peruviana seed oil with dimethyl carbonate catalyzed by
.05.013
Table 1 Physical and chemical properties of extracted
T. peruviana seed oil.
Sr. No. Properties Units Results
1 Speciﬁc gravity at 25 C gm/cm3 0.85
2 Kinematic viscosity at 40 C mm2/sec 28.92
3 Acid value mg KOH/g 4.54
4 FFAs % 13.85
5 Iodine value g/100 g 98.21
4 B.M. Panchal et al.dDG=dt ¼ b:OH:ðK05:MG:ROHK05rCG:DMEÞ
 a:OH:K11:MGÞ
dROH=dt ¼ dDME=dt a:OH:ðK02:TG:ROH
þK02rDG:DMEþK04r:DG:ROH
K04r:MG:xy2Þ þK05:MG:ROHK05r
þ CG:DMEK8:DME
dROH=dt ¼ dDME=dt a:OH:ðK02:TG:ROH
þK02rDG:DMEþK04r:DG:ROH
K04r:MG:DMEÞ þK06:MG:ROHK06r
þ CG:DME:K08:DME
dH2O=dt ¼ dFFA=dt ¼ a:K12:FFA:OH
dOH=dt ¼ dA=dt
¼ b:OH:K8:DMEþ a:OH:ðK9:TG:K10:DG
þK11:MG ð17Þ
the above Eq. (17), K1 to K12 are reaction rate constants
(L mol1 S1). We obtain the desired results for the initial
molar ratio of alcohol to triglyceride.
N ¼ 1=DME½Pþ 3 3
þ 2K02½ð1DMEÞ=DME2K02K04½ð1DMEÞ2=1
þK02½ð1DME=DME
þK02:K04½ð1DMEÞ=DME2
þK02:K04:K06½1þK06ð1DMEÞ=DME2 ð18Þ
Here, p represents the molar ratio of hydroxide to TG. The
rate constants and activation energies (Ea) are determined by
the Arrhenius equation
Ea ¼ RT InðK=AÞ ð19Þ
where A is the frequency factor for the reaction, R the univer-
sal molar gas constant, and T is the temperature; therefore, the
rate constants at any temperature can be computed by
Lnk ¼ InA E=RT ð20Þ
This equation is linear, and therefore a plot of Lnk vs 1/T
should produce a straight line of slope E/RT [25].4. Results and discussion
4.1. Properties and characteristics of T. peruviana seed oil
The extracted T. peruviana seed oil had a pale yellow color,
and the oil yield of the seed was found to be 65 wt%. The phys-
ical and chemical properties of T. peruviana seed oil are given
in Table 1. The oil yields were appreciably higher than those
for Pongamia pinnata and Jatropha curcas: approximately
27.5% [26] and 30 to 40% [8,27], respectively. The molecular
weight of the T. peruviana oil was approximated as 874.6 g,
the weight of triolein. Its initial acid value was determined to
be 4.54 mg KOH/g, which corresponds to an FFA level of
13.85%. The iodine value of the T. peruviana oil was 98.21.
The FA compositions of the T. peruviana oil are given inPlease cite this article in press as: B.M. Panchal et al., Kinetics of the transesterificatio
potassium methoxide, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016Table 2, which shows the principal FA proﬁles of linoleic acid
(49.3%), stearic acid (21.1%), palmitic acid (18.1%) and other
compounds.
4.2. Kinetic study of T. peruviana seed oil transesterification
The CH3OK-catalyzed transesteriﬁcation of the T. peruviana
seed oil was studied at three temperatures (75, 80 and 85 C)
and three T. peruviana oil-to-DMC molar ratios (1:2, 1:4 and
1:6). The transesteriﬁcation reaction is a stepwise reaction con-
sisting of a number of consecutive irreversible reactions, as
shown in Eqs. (1)–(8) above. Typical concentration proﬁles
of TG, DG, MG, DME and CG for the CH3OK alkali trans-
esteriﬁcation of various molar ratios of T. peruviana oil to
DMC using 1.5% w/w KOH are shown in Figs. 1–3. These ﬁg-
ures show that the TG, DG and MG concentrations decrease
with time, whereas the concentrations of DME increase with
time. The stoichiometry of the transesteriﬁcation reaction
requires 3 mol of alcohol per mole of TG to yield 3 mol of fatty
esters and 1 mol of glycerol [28]. To study the kinetics, several
reactions were conducted at different temperatures in the 75–
85 C range. Evaluating the inﬂuence of the reaction tempera-
ture on reaction performance may provide insight into the cat-
alyzed reaction mechanism of the T. peruviana oil
transesteriﬁcation. The results revealed that the conversion
and selectivity were maximized at 85 C with a yield of
97.5%. However, when dimethyl esters are present in the reac-
tion, they act as a co-solvent because they are soluble in the oil
and the DMC. As a result, the reaction has an induction per-
iod because mass transfer controls the initial kinetics [29]. The
T. peruviana oil conversion was found to depend strongly on
the stirring rate (200 rpm).
4.3. Determination of reaction rate constants
The effective reaction rate constants (K1, K2, K3, and K4) were
deﬁned for the forward reactions and calculated based on the
experimental data obtained for the reaction period. The equa-
tions used to calculate the reaction rate constants were based
on ﬁrst-order kinetics because excess DMC was present, and
thus, the TG was the limiting reagent. Assuming a ﬁrst-order
reaction in the transesteriﬁcation of TG to DMC-TP-BioDs
and CG, the overall rate equation is given by:
½TG ¼ ½TGo expðktÞ ð21Þ
Linearizing equation [X] gives
In½TG ¼ In½TGo  kt ð22Þ
where [TG] is the TG concentration of TG at time t, [TG]O is
the concentration at the initial stage of the reaction (t = 0),n of non-edible Thevetia peruviana seed oil with dimethyl carbonate catalyzed by
.05.013
Table 2 FFA proﬁle of oil extracted from T. peruviana seed.
Sr. No. FFA Structure Relative percentage (%)
1 Myristic acid 14:00 0.3
2 Behenic acid 14:01 0.2
3 Palmitic acid 16:00 18.1
4 Palmitoleic acid 16:01 1.1
5 Stearic acid 18:00 21.1
6 Oleic acid 18:01 9.2
7 Linoleic acid 18:02 49.3
8 Linolenic acid 18:03 0.3
9 Arachidic acid 20:00 0.4
Figure 1 Transesteriﬁcation product of T. peruviana seed oil at
75 C in terms of the molar ratio of oil to DMC: A = (1:2),
B = (1:4), and C = (1:6).
Figure 2 Transesteriﬁcation product of T. peruviana seed oil at
80 C for different molar ratios of oil to DMC: A = (1:2),
B = (1:4), and C = (1:6).
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against t shows a linear relationship, with k deduced from
the slope of the plot. Our assumption of ﬁrst-order kinetics
for the transesteriﬁcation of TG to dimethyl esters is validated
by the linear relationship in the plot of In [TG] versus t during
the 90 min reaction (Fig. 4), indicating that the transesteriﬁca-
tion of TG to DME in the presence of GC excess is likely a
ﬁrst-order reaction. This result is consistent with the study of
Vicente et al. [30], in which the effective rate constants were
estimated based on a ﬁrst-order equation. The effective reac-
tion rate constants calculated for the transesteriﬁcation of
the T. peruviana oil are shown in Table 3 and indicate that
the rate-determining step for the overall CH3OK-catalyzed
transesteriﬁcation of T. peruviana oil is the conversion of TG
to MG. For instance, at a T. peruviana oil-to-DMC molarn of non-edible Thevetia peruviana seed oil with dimethyl carbonate catalyzed by
.05.013
Figure 3 Transesteriﬁcation product of T. peruviana seed oil at
85 C for different molar ratios of oil to DMC: A = (1:2),
B = (1:4), and C = (1:6).
Figure 4 The plot of In [TG] against the reaction time (t) during
the ﬁrst 90 min of the reaction at 75, 80 and 85 C.
Table 3 Rate constants of transesteriﬁcation at different T.
peruviana oil-to-DMC molar ratios and temperatures.
Reaction
step
Reaction rate
constant
Oil:DMC
molar ratio
75 C 80 C 85 C
TG-DG K1 1:02 3.098 4.251 5.292
1:04 0.139 0.215 0.309
1:06 0.12 0.159 0.379
DG-TG K1r 1:02 0.185 0.281 0.355
1:04 2.395 2.414 2.564
1:06 1.651 1.734 1.992
DG-MG K2 1:02 2.249 3.52 4.602
1:04 0.209 0.298 0.31
1:06 0.192 0.21 0.317
MG-DG K2r 1:02 0.611 0.725 0.905
1:04 2.215 2.931 3.101
1:06 2.118 2.43 2.807
MG-CG K3 1:02 2.516 3.105 3.99
1:04 1.213 1.602 1.91
1:06 0.525 0.735 0.871
CG-MG K3r 1:04 2.961 3.118 3.682
1:06 2.215 2.825 3.212
6 B.M. Panchal et al.ratio of 1:4, the magnitude of the reaction rate constants exhi-
bits the following descending order:
KCGMG½  > KMGDG½  > KDGTG½  > KMGCG½  > KDGMG½ 
> KTGDG½ 
Additionally, the reaction rate constant increased from
0.389 to 4.602 after 90 min at 85 C for a T. peruviana oil-to-
DMC molar ratio of 1:4, and the reaction rate constants
increased with temperature for each molar ratio. These ﬁnd-
ings indicate that the rate-determining step of the transesteriﬁ-
cation of the T. peruviana oil is favored at higher temperatures.
Three consecutive reversible reaction steps with second-order
pseudo-homogenous rate models were described by Karmee
et al. [31] for the transesteriﬁcation of pongamia oil and byPlease cite this article in press as: B.M. Panchal et al., Kinetics of the transesterificatio
potassium methoxide, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016Cao et al. [32] for the transesteriﬁcation of canola oil. The
same trends have also been found in other studies for the back-
ward rate constants [23,33].
4.4. Determination of activation energy
The activation energy determines the extent of the rate con-
stant’s dependence on the reaction temperature at given condi-
tions. The activation energies of the rate-determining step of
the transesteriﬁcation of TG to MG at different T. peruviana
oil-to-DMC molar ratios were calculated based on the Arrhe-
nius equation (19). Using the data for the transesteriﬁcation of
T. peruviana oil at three different temperatures (75, 80, and
85 C) and different molar ratios (1:2, 1:4 and 1:6), some of
the Arrhenius plots for the rate determining steps are presented
in Fig. 5. The correlation coefﬁcients for the Arrhenius plot of
the rate-determining steps of the transesteriﬁcation of T. peru-
viana oils exceed 0.99 in all cases. The activation energies for
the conversion of TG to MG obtained here ranged from
10.752 to 32.817 kJ/mol, as shown in Table 4. The activationn of non-edible Thevetia peruviana seed oil with dimethyl carbonate catalyzed by
.05.013
Figure 5 Arrhenius plots of the rate-determining step in the
transesteriﬁcation of T. peruviana oil using different molar ratios
of oil to DMC: A = (1:2), B = (1:4) and C = (1:6).
Table 4 Activation energies for the alkali-catalyzed transes-
teriﬁcation of reﬁned T. peruviana oil under different
conditions.
Reaction Molar ratio of
Oil:DMC
Activation energy
(kJ/Mol)
Correlation
coeﬃcient
TG-DG 1:02 10.752 0.995
1:04 17.483 0.842
1:06 32.817 0.974
DG-TG 1:02 16.592 0.981
1:04 8.809 0.837
1:06 6.91 0.855
DG-MG 1:02 11.812 0.982
1:04 17.458 0.897
1:06 23.534 0.888
MG-DG 1:02 19.18 0.984
1:04 12.121 0.98
1:06 11.593 0.999
MG-CG 1:02 8.685 0.998
1:04 8.112 0.999
1:06 18.905 0.997
CG-MG 1:04 9.185 0.989
1:06 13.208 0.985
Table 5 Properties of DMC-TP-BioD from T. peruviana seed oil c
Properties Units T
Speciﬁc gravity at 25 C g/cm3 D
Kinematic viscosity at 40 C mm2/sec D
Flash point (closed cup) C D
Cloud point C D
Pour point C D
Cetane number D
Total glycerol % D
Copper strip corrosion (3 h at 50 C) No D
Acid value mg KOH/g D
Water and sediment % vol. max D
Carbone residue wt% D
Ash content wt% D
Sulfur content wt% D
Heating value D
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that for the forward reaction, indicating that the MG is less
stable and has a higher energy than the TG. The obtained val-
ues are within the range reported in the literature [34].
5. Properties of DMC-TP-BioDs produced from T. peruviana
seed oil
The properties of DMC-TP-BioDs and the speciﬁcations
according to biodiesel standards (ASTMD6751-02) are sum-
marized in Table 5. Kinematic viscosity is a key fuel property
because it promotes the atomization of the fuel upon injection
into the diesel engine ignition chamber and governs the ulti-
mate formation of engine deposits [35]. In this study, DMC-
TP-BioDs showed a kinematic viscosity (3.99 mm2/sec), which
is within the range of the American standards for biodiesel.
The ﬂash point is an important characteristic that must be con-
sidered regarding the handling, storage and safety of fuels.
Here, the ﬂash point for DMC-TP-BioDs was determined to
be 135 C. The ash content reﬂects the contents of contami-
nants, such as abrasive solids, catalyst residues and soluble
metal soaps, in a fuel sample. In this study, the DMC-TP-
BioDs had an ash content of 0.002%, within the limits of the
ASTM standard.
6. Conclusion
The effects of reaction conditions, such as the molar ratio of T.
peruviana oil to DMC, reaction temperature and reaction time,
on DMC-TP-BioDs yield were investigated and yielded valu-
able experimental data for future industrial applications. The
kinetics of the prepared CH3OK-catalyzed transesteriﬁcation
reaction were investigated at different temperatures, and the
rate constants and activation energies are reported. T. peru-
viana seed oil is a promising choice for biodiesel production
in India. However, because of its inherent high FFA content,
kinetic transesteriﬁcation will be an important technique for
optimal biodiesel production from this feedstock.ompared with ASTM D6751-02 speciﬁcations.
est method ASTM Limits DMC-TP-BioD
4052 Report 0.87
445 1.9–6.0 3.99
93 130 135
2500 3–12 9
97 10–15 3
613 47 50
6584 0.24 1578 ppm
130 3 max No. 1a
664 0.8 0.2
2709 0.05 0.004
45309 0 0
874 0.02 max 0.002
5453 0.02 max 0.0042
240 Report 45
n of non-edible Thevetia peruviana seed oil with dimethyl carbonate catalyzed by
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